A blend of two conjugated polymers with different optical band gaps and different triplet exciton ͑TE͒ magnetic resonance features was studied by means of photoinduced absorption ͑PA͒ and photoluminescence detected magnetic resonance. From the latter we find that a reduction of TE's on either of the two polymers enhances the radiative singlet exciton ͑SE͒ decay on both polymers nearly identically. The PA results rule out other possible mechanisms to yield this signal, except one: a long-range SE-TE annihilation due to a dipoledipole transfer mechanism. Based on this finding, we calculate the transfer radius and quantify the annihilation process for this system and for other conjugated polymers.
I. INTRODUCTION
The last decade has witnessed the emergence of conjugated polymers as a major class of organic macromolecules 1 utilized for many possible applications. 2, 3 Among others, polyfluorene ͑PFO͒, and the class of poly͑p-phenylene͒-type ladder-polymers ͑LPPP͒ 4 exhibit very distinct emission, 5, 6 absorption and photoinduced absorption ͑PA͒ features 7, 8, 9, 10 which have yielded a comprehensive picture of the processes determining the ongoing dynamics of the excited entities, such as singlet excitons ͑SE's͒, triplet excitons ͑TE's͒, and polarons in conjugated polymers. While it is well established that in organic crystals TE's act as nonradiative quenching centers for SE's, 11 little is known on the SE-TE interaction in conjugated polymers. The elucidation of this issue is highly desirable since in polymer light emitting devices ͑PLED's͒ injected carriers form TE's with a yield of up to 75%. 12 Moreover, as a result of the dipole forbidden transition of TE's to the ground state, the lifetime of the TE is extremely long relative to that of the SE's. This results in a high steadystate TE density 13, 14 and hence a high probability for interacting with other species, such as quenching SE's.
This paper provides the first direct evidence for nonradiative quenching of SE's by TE's in conjugated polymers and an estimate of the strength of this interaction. We exclude other possible mechanisms which may be invoked to explain the TE photoluminescence ͑PL͒ detected magnetic resonance ͑PLDMR͒ at gϷ4, namely TE-TE annihilation to SE's, 15 also well known to be significant in small -conjugated molecules, 11 and ground-state recovery from TE's. 16 This is done by studying a guest-host polymer blend, which consists of the blueemitting methyl-substituted LPPP ͑m-LPPP͒ host and the orangeemitting poly͑perylene-co-diethynylbenzene͒ ͑PPDB͒ guest. 17 The guest was chosen because both its PL and its TE half field resonance at gϷ4 are distinct from those of the host. Hence one can alter the population of the TE spin sublevels of each of the two polymers separately and simultaneously monitor its effect on the decay of SE's in each of the polymers.
II. EXPERIMENT
Two types of PLDMR spectra are presented: the H-PLDMR, in which changes in the integrated PL (I PL ) are measured vs the magnetic field H, and the -PLDMR, in which the PL emission spectrum is measured at the field H corresponding to the peak of the resonance. The measurements were performed in a He gas-flow cryostat inside an optically accessible 9.35 GHz x-band microwave cavity; the incident microwave power was kept below 810 mW. The PL was excited at 351/363 nm and 515 nm by a Pockels-cell stabilized Ar ϩ laser. The H-PLDMR spectra were measured using a Si-photodiode; the laser line was blocked by an appropriate cutoff filter. The change in I PL (⌬I PL ) induced by the microwaves at the field-for-resonance was detected by feeding the photodiode output into a lock-in amplifier referenced to the microwave chopping frequency c . The -PLDMR spectra were recorded by replacing the photodiode by a monochromator and a photomultiplier tube. The PA measurements were described elsewhere. 7 PA and PLDMR data were recorded at c low enough compared to the lifetimes of the involved recombination processes i.e., c р1, in order to ensure steady-state conditions. Figure 1 shows the absorption and emission spectra of pristine m-LPPP and PPDB, discussed in detail previously. 17 The emission spectrum of m-LPPP and the absorption spectrum of PPDB show a strong overlap so that blending of m-LPPP with 0.05 wt % PPDB leads to a strong PL contribution of PPDB ͑see bottom of Fig. 1͒ . Such efficient energy transfer of SE's from m-LPPP to PPDB sites is explained by direct Förster energy transfer 24 and by excitation energy migration in the m-LPPP matrix and subsequent transfer to PPDB.
III. RESULTS AND DISCUSSION
6 Figure 2 shows the half field triplet PLDMR powder pattern of an m-LPPP film, m-LPPP/PPDB blend films of different concentrations, and a pure PPDB film. The inset shows the full-field PLDMR powder pattern of the same films. As clearly observed, an increase of the PPDB content in m-LPPP leads to a more pronounced half field signal at 1655 G, the resonance position of pristine PPDB TE's. This gϷ4 resonance results from the forbidden ͉⌬m s ͉ϭ2 transitions, which enhance the TE recombination due to the different lifetimes of the triplet ͉1͘ and ͉Ϫ1͘ states, as directly shown for anthracene. 18 Analysis of the zero-field splitting parameters of m-LPPP and PPDB obtained from the full and half field patterns yields the upper limit of the triplet wave function extent r ub Ϸ4.0 Å for PPDB and 3.4 Å for m-LPPP. 7, 19 This difference in the triplet size is manifest in both the different resonance fields of ϳ1655 and ϳ1615 G, respectively, and the different full widths at half maximum of 10 and 25 G, respectively. Figure 3 shows the PL (I PL ) and -PLDMR (⌬I PL ) spectra for ͑a͒ pristine m-LPPP at ϳ1615 G, ͑b͒ m-LPPP/0.05 wt % PPDB blend at ϳ1615 G, ͑c͒ the same blend at ϳ1655 G, and ͑d͒ pristine PPDB at ϳ1655 G, ⌬I PL of pristine m-LPPP is weaker relative to I PL at EϾ2.4 eV but it follows the PL spectra at lower energies. For pristine PPDB ⌬I PL essentially follows the entire PL spectrum. The two -PLDMR spectra of the m-LPPP/PPDB blend, recorded at the peaks of the m-LPPP and PPDB resonances at ϳ1615 and ϳ1655 G respectively, both exhibit the same overall weaker contribution from the high-energy m-LPPP emission at EϾ2.4 eV and the more pronounced contribution from the EϽ2.3 eV emission due to PPDB. This clearly shows that the TE's on either polymer affect the radiative decay of SE's on both polymers identically.
To explain the striking fact, that the alteration of the TE population on one polymer influences the SE decay rate on an adjacent polymer, we first recall that the gϷ4 resonance was previously attributed to magnetic resonance-enhanced TE-TE annihilation to SE's, which enhances the PL, 15 and ͑or͒ to enhanced repopulation of the ground state which enhances the absorption and thereby the emission. 16 The latter mechanism is directly ruled out since a repopulation of the PPDB ground state and a corresponding increased ab- 
sorption cannot lead to an increased PL from m-LPPP due to the lower optical band gap of PPDB compared to m-LPPP. The former mechanism can account for the present results only if PPDB TE's are back transferred to m-LPPP TE's to undergo TE-TE annihilation on m-LPPP. Although such a back transfer is unlikely, it was tested by measuring the PA for a rather high-PPDB content of 7 wt %. Figure 4 shows the PA spectrum of m-LPPP, PPDB, and an m-LPPP/7 wt % PPDB blend. When excited at an energy larger than the 2.7 eV optical band gap of m-LPPP, the m-LPPP film exhibits a distinct sharp feature at 1.3 eV due to T 1 →T n transitions. 9 If back-transfer occurs, this PA band should also appear when only PPDB in the m-LPPP/PPDB blend is excited at an energy lower than the optical gap of m-LPPP. Yet despite the high concentration of PPDB molecules in m-LPPP, the PA spectrum of the blend film is identical to that of pure PPDB, ruling out this back transfer process of TE's. We therefore also rule out an enhanced TE-TE annihilation to SE's as the mechanism for the half field triplet PLDMR and assign the resonance to SE-TE annihilation similar to that found in molecular crystals: 11 At the field-for-resonance at gϷ4 the number of TE's which act as SE quenching centers is reduced, which in turn enhances the PL. We note that the positive spin-1/2 polaron resonance at gϭ2 has been found to be due to a similar polaron-SE annihilation mechanism. 20, 21, 22 To explain the long range of the SE-TE annihilation, we invoke Agranovich's theory, 23 which describes the SE-TE annihilation in molecular crystals by a nonradiative energy transfer, similar to a Förster type transfer, of an excited SE (S 1 *) to a TE (T 1 ):
͑1͒
where S 0 is the singlet ground state and T n an excited state of the TE manifold. 24 The efficiency of the transfer of the SE energy to photoinduced TE's is determined by the critical radius R SE-TE which is the distance at which 50% of the SE's will be quenched by the TE via Eq. ͑1͒. Following the För-ster and Agranovich 23 models one can determine R SE-TE from the overlap of the PL spectrum and the T 1 →T n absorption spectrum:
where cϭ2.99ϫ10 8 m/s, f 2 is an orientation factor which is 2/3 for random molecular orientation, TT is the triplettriplet absorption cross section, PL the quantum yield, n s ϭ1.58 is the refractive index of the host polymer, and f SE () is the normalized PL spectrum ͓1ϭ͐ 0 ϱ f SE ()d͔. To obtain the T 1 →T n absorption spectra the PA spectra were corrected for polaron absorption or were obtained directly from pulse radiolysis measurements. 9 In addition, TT ϳ4ϫ10 Ϫ16 cm 2 was obtained from the molar absorption coefficient as given in Ref. 9 , and we assume that the coefficient is similar for all calculations, in good agreement with Ref.
14. The values of R SE-TE for several polymers are summarized in Table I .
Comparing the values of R SE-TE given in Table I , longrange SE-TE annihilation can well account for the more pronounced influence of the TE's located on PPDB on SE's ͑larger ⌬I PL /I PL ) than that of TE's on m-LPPP on SE's on m-LPPP ͑see Fig. 3͒ . Yet comparing the calculated R SE-TE with the typical ϳ0.5 nm intermolecular distances in conjugated polymers, one finds that SE-TE annihilation also quantitatively explains the observation that an alteration of the TE population on one polymer influences the SE decay rate on an adjacent polymer, both for SE's located on m-LPPP ͑PPDB͒ and the TE's on PPDB ͑m-LPPP͒. Furthermore the dipole-dipole nature of the SE-TE annihilation mechanism also accounts for the observation that ⌬I PL of pristine m-LPPP is weaker relative to I PL at EϾ2.4 eV. This is a consequence of the weaker relative overlap of I PL at E Ͼ2.4 eV with the PA absorption at this position. Moreover, the calculated radii given in Table I demonstrate a clear trend: a larger energy difference between emission and TE PA in wide band-gap polymers such as PFO and m-LPPP yields a much weaker SE-TE annihilation probability than in lower band-gap polymers such as poly͑p-phenylene vinylene͒ ͑PPV͒, 25 MEH-PPV 9 or PPDB. DϷD SE which has been experimentally determined. 22 Typical values of ␥ SE-TE are given in Table I . The effective quenching rate constant k SE-TE ϭ␥ SE-TE n TE , where n TE the triplet exciton densities, are given in Table I . For typical n TE ϳ10
18 cm Ϫ3 obtained at high excitation densities 14 k SE-TE is found to be of the order of the radiative decay rate of SE's. This is consistent with the observation of nonlinear relaxation processes at higher excitation densities in both polymers and oligomers, 27 which were previously assigned to the nonlinear SE-SE annihilation mechanism. The present analysis shows that SE-TE annihilation must be considered in future analyses of such nonlinear behavior. Furthermore note that in the EL process, where the yield of TE's can be as high as 75%, i.e., much higher than the ϳ1% yield from photoexcitation, 14 this loss mechanism may be very significant, especially under conditions of electrically pumped lasing, which requires intense carrier injection.
IV. CONCLUSION
In conclusion, we have unambiguously identified the SE-TE annihilation process in conjugated polymers. We showed that this process is established by a nonradiative dipole-dipole transfer of Förster type and we determined the magnitude of this process for a wide range of conjugated polymers, demonstrating that it is a significant nonradiative decay channel for SE's at high excitation densities.
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